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The increase in industrial activities and traffic in the past century has caused severe air pollution (1) . In urban areas automobile exhaust constituents significantly contribute to air pollution. Vehicle discharges include carbon monoxide, uncombusted hydrocarbons, nitrogen oxides, volatile organic substances such as benzene and toluene, and heavy metals such as lead (Pb) (2, 3) . Epidemiological studies have shown an increase in respiratory diseases such as bronchitis and an increase in lung cancer incidence in urban areas as compared to rural areas (2, 4, 5) . Concern for the potentially mutagenic and carcinogenic effects of air pollutants has therefore resulted in numerous studies of the mutagenic activity of extracts of particles of airborne pollutants (6) (7) (8) . Less attention has been paid to the ecological impact of these air pollutants. It is generally difficult to find suitable biological indicators for areas with high traffic density (9) . In a few studies pigeons have been used as biological indicators of the Pb concentration in the ambient environment (9) (10) (11) (12) (13) . Pigeons have a rather small habitat, a small body size, a high metabolic turnover, and a high inhalation rate and might therefore be used as a biological indicator for ambient air pollution. The main routes of exposure include inhalation of contaminated air and ingestion of food and soil particles contaminated by deposited air pollutants. The carcinogenicity of ambient airborne particles is reported to be associated largely with the presence of polycyclic aromatic hydrocarbons (PAHs) (2, 3, 14) . It has been suggested that the extent of binding of carcinogenic xenobiotics, such as metabolites of PAHs, to DNA in organisms may serve as a dosimeter at the targetsite level. Determination of PAH-DNA adducts has been successfully applied by means of 32p postlabeling in environmentally exposed humans (15, 16) , fish (17) (18) (19) (20) , earthworms (21), mussels (22) , and plants (23) . Moreover, wild woodchucks living in PAH-contaminated areas exhibited higher benzo[a]pyrene-protein adducts in blood compared to animals living in control areas (24 Other heavy metals significantly contribute to air pollution as well. Anthropogenic emissions of metals, for example cadmium (Cd) and zinc (Zn), into the environment have increased enormously since the industrial revolution. Nonferrous smelters and secondary production plants are the main sources (1) .
Recent studies indicate oxidative stress as a causal factor in the adverse effects of organisms exposed to heavy metals (26 
Inductively Coupled Plasma Mass Spectrometry
Duplicate blood samples (0.5 g) were digested with 2 ml HNO3 (double subboiled) and 0.5 ml of hydrogen peroxide in 15 ml vials. After 24 hr of gentle, complete digestion at room temperature, the sample was heated to 80°C to boil off any excess hydrogen peroxide. Cooled samples were diluted to approximately 10 ml by weight. Samples were run in two runs (with samples in different order) with SRM981, SRM982, and SRM983 standards and blanks measured before and after every seven samples. Long-term reproducibility during the period of measurement was better than 1% for 206Pb/207Pb. Reproducibility of in-run triplicate samples (n = 5) was better than 0.5%. Mass bias correction for 206Pb/207Pb was applied based on the in-run SRM981 measurements (n = 6) for each duplicate run. Blanks contained <0.17 pg/l with variable isotopic ratios inferred to be the result from memory effects in the nebulizer rather than from sample contamination. Values for each run were averaged. Concentrations of Pb, Cd, and Zn in pigeon blood were analyzed in a separate run in the same solution.
Measurements were performed on a VG Plasma Quad inductively coupled plasma mass spectrometer (Vacuum Generators, Manchester, UK) with thalium as internal standard.
Estimation of Lead from Gasoline
Estimation of the portion of Pb from gasoline present in pigeons was estimated using the following mass balance: 
DNA Extraction and Digestion
DNA from liver, lung, and kidney tissue was isolated according to a standard procedure (39) . Briefly, tissue samples (one kidney, one lung, and one liver lobe) were cut into pieces and homogenized in 1% SDS/1 mM EDTA and subsequently incubated with proteinase K. The tissue homogenate was successively extracted with 1 volume of phenol, 1 volume of phenol/chloroform/isoamyl alcohol (25/24/1) and 1 volume of chloroform/ isoamylalcohol (24/1). After DNA precipitation using 0.1 volume of sodium acetate and 2 volumes of ice-cold ethanol, DNA was dissolved in 5 mM Tris-HCl (pH 7.4) containing 1 mM EDTA. RNA was destroyed by addition of RNase TI and RNase A. Liver samples were subsequently treated with a-amylase to remove remaining glycogen. After extraction of the digest with 1 volume of chloroform/isoamyl alcohol (24/1), DNA was precipitated and solubilized as described above. DNA concentration was assayed spectrophotometrically. The DNA was digested to deoxynucleosides by treatment with nuclease P1 (25 U/mg DNA) and alkaline phosphatase (25 U/mg DNA) (40) .
HPLC/ECD Analysis of 8-oxodG 8- (Table 2) . Pb contents in blood and organ tissue were approximately five times higher in the high traffic density location of Amsterdam compared to the medium traffic density area. Regression analysis showed a significant correlation between blood Pb levels and Pb content in liver (p<0.0001; r = 0.852), kidney (p<0.0001; r = 0.898), and lung tissue (p<0.001; r = 0.569). Figure 1 shows both the correlation between Pb content in blood and kidney and the marked regional differences in the amount of Pb in these tissues among the areas of heavy, medium, and light traffic density.
The results in Figure 2 show a correlation between the total Pb concentration in blood and the isotopic Pb composition (r = 0.491). The (Fig. 3) .
There was a significant difference in Cd content in all the organs examined between the four different locations ( The liver weight of pigeons from the light traffic density locations, Maastricht and Assen, was significantly higher than the liver weight of pigeons originating from Amsterdam (Table 2) .
Data on adduct levels in liver, kidney, and lung are presented in Table 3 . Oxidative DNA damage, determined as the ratio of 8-oxodG/dG, in pigeon liver was highest in pigeons from the Amsterdamhigh traffic density area (p<0.05), followed by Assen. No significant differences in 8-oxodG levels of kidney DNA were observed Regression analysis showed a positive significant correlation between Pb exposure and oxidative DNA damage in liver tissue (p<0.005; r = 0.538) (Fig. 4) . In kidney and lung tissue, no correlation was found between Pb content and oxidative DNA damage.
In lung tissue, oxidative DNA damage appeared to be negatively correlated with Zn content of the lung (p<0.05; r = 0.341). Regression analysis within the individual groups revealed no significant correlation between those two parameters. A similar, although not significant, negative correlation between Zn levels and oxidative damage was found for the kidney.
No correlations were found between Cd levels in liver, lung, or kidney and oxidative DNA damage.
The autoradiograms of the 32P-labeled DNA digests showed diagonal radioactive zones (DRZs), which is typical for DNA adducts containing aromatic or bulky hydrophobic moieties (Fig. 5) . The DRZs suggest the presence of multiple chemically related adducts. In kidney and liver of birds of all regions, there was an indication of increased density within the DRZ which represents major adducts. The nature of these putative adducts is unknown, but one co-chromatographed with the major DNA adduct formed by the reactive benzo[a]-pyrene (BaP) metabolite BPDE and DNA (BPDE-deoxyguanine) (Fig. 5D) . The DRZ observed in lung was more diffuse.
The mean levels of aromatic DNA adducts per area are listed in Table 3 . No clear differences in total DNA adduct levels, as reflected by the DRZ, could be observed between the different locations. There is only an indication that the total DNA adduct levels in the lungs of pigeons from the high traffic area in Amsterdam are somewhat higher compared with the DNA adduct levels in the lungs of pigeons from other locations.
Discussion
In urban areas, traffic exhaust is one of the major sources of air pollution that may have adverse effects on human health and ecosystems (3, 43) . Automobile exhaust constituents include heavy metals such as Pb, carbon monoxide, uncombusted hydrocarbons, and several volatile organic substances. During the last decades concern about the hazards of toxic metals and environmental carcinogens such as BaP has increased worldwide.
Birds have been used previously as biological indicators of urban Pb pollution, demonstrating differences among areas of heavy and light traffic density (9) (10) (11) (12) (13) . Pigeons may be especially useful because they can integrate body load by pollutants over time in an area-bound manner.
Atmospheric pollution by automobile exhaust also results in contamination of other environmental compartments (e.g., water, soil, and food). The total body load of pollutants in pigeons, therefore, is the (44) .
Samples of ambient air pollution were taken at the four different locations and analyzed for PAH and metal concentrations. The contrast between places with high and medium traffic density and the two control areas was clearly manifested in PAH and Pb levels in the ambient air. Our data on concentrations of Pb, Cd, Zn, and BaP in the ambient air fit within the same range as the measurements obtained by the National Air Quality Monitoring Network. However, at two locations PMIO values were higher than TSP values, whereas normally the PM1O fraction is part of the TSP fraction. However, air particulate samples were taken on 2 different days and factors such as temperature, humidity, wind speed, and hours of sunshine might have an effect. Because of the limited number of measurements of particulate-bound pollutants in this study, no statistical tests were applied to these data.
Pb concentrations in particulate air samples were clearly reflected in Pb content of blood and organ tissue. Blood Pb levels of pigeons originating from the high and medium traffic density area in Amsterdam in this study were 235 ± 182 and 73 ± 19 ng/ml, respectively. These data fit within the same range as found in Japan (9) and London (12 (29) . In Western countries Pb from gasoline has a different isotopic composition than geogenic Pb. The 20bPb/207Pb value for gasoline Pb is, on average, 1.082 (27) . Natural sources appeared to have an average 206Pb/207Pb value of 1.25 (28) Pb (ng/g ww) Figure 4 . Correlation between ratio of 7-hydrc oxo-2'-deoxyguanosine/2'-deoxyguanosine oxodG/dG) (44) .
Cd levels in liver and kidney fit well within the range reported for the pigeons obtained in London (12) and for other bird species (46 (47) . Moreover, similar findings were observed in the pigeons from London (12) . It is possible that competitive inhibition between these metals results in a decreased uptake of Zn as is reflected in actual tissue levels, but the lack of difference in Zn tissue levels between the four different locations was in agreement with Zn concentrations in the ambient air.
Of particular interest are the similarities in distribution pattern in tissues of the metals between birds and humans. Pb predominantly accumulated in kidney, followed by liver and lung. Cd levels were highest in kidney, followed by the liver, whereas much lower levels were found in lung tissue. For Zn comparable contents were found in liver and kidney, while lung Zn concentrations were two times lower.
It has been demonstrated that most metal ions do not form covalent adducts with DNA (48) . This indicates that metal mutagenesis may proceed via the generation of activated intermediates such as reactive oxygen species, which has, in fact, been proven in several studies (48) (49) (50) (51) (52) (53) . Oxidative DNA damage in liver DNA of pigeons from the Amsterdam high-traffic density location was significantly enhanced compared to pigeons from the three other areas. Moreover, oxidative DNA damage showed a positive correlation with Pb levels in the liver, which indicates that the carcinogenic potential of Pb might be ascribed to oxygen radical formation. In lung tissue oxidative DNA damage appeared to be negatively correlated with Zn tissue levels, suggesting a protective role for Zn in the induction process of oxidative DNA damage. This is in agreement with previous reports in which the protective role of Zn on Pb toxicity has been described (54) .
Pigeons are exposed to a mixture of environmental mutagenic agents. It is therefore extremely difficult to establish a causal relationship between DNA adducts and one of the components encountered in the environment because these agents may interfere with each other to produce synergistic or antagonistic effects. Toxic PAHs (e.g., PAHs containing four rings or more) could be found, but high levels of liver DNA adducts were detected (55) .
In the present study, relatively high DNA adduct levels in the liver, kidney, and to a lesser extent in the lung, of pigeons were observed. We found in the lung, by 32P-postlabeling, a diffuse diagonal zone of aromatic DNA adducts, indicating a broad spectrum of adducts (Fig. 5B) . Similar DRZs have been observed in several species, including humans, following exposure to complex mixtures. For example, tobaccosmoking-associated DRZs have been found in a variety of human tissues including lung, heart, and placenta (15, 16) . Furthermore, in rodents DRZs have been shown after exposure to cigarette smoke condensate (56) , coal tar, creosote, or bitumen (57), and particulate extracts from coke oven, coal soot, and diesel exhaust (58) in skin, lung, heart, and liver. In line with our results, other 32P-postlabeling DNA adduct analyses have shown similar DRZs in fish obtained from polluted sites (17, 19, 59) .
In the DNA adduct profiles of liver and kidney, an increased density within the DRZ could be observed, which could possibly present major adducts (Fig. 5A,B) ; the identity of these adducts is unknown. Separated adducts as observed in liver and kidney are probably related to more specific exposures, and other routes of exposure such as contaminated food, might be involved. Another striking observation was that the DRZ adduct levels are higher in kidney and liver than in the lung. A possible explanation may be that in liver, and to a lesser extent in kidney, cytochrome P450, responsible for the formation of reactive metabolites, is more abundant than in lung tissue. We also suggest that other parameters as cell proliferation and DNA repair might be involved. No From these first results, it appears that pigeons can be used for biomonitoring of exposure to heavy metals. The most striking findings are the regional differences of Pb and Cd pollution as reflected in body load of the pigeon. Moreover, the contribution of Pb from gasoline can be deter-
